Introduction
Alternative splicing is a widespread mechanism for regulating gene expression and increasing protein diversity in eukaryotes (Black, 2000; Graveley, 2001 ). Most metazoan genes encode pre-mRNAs that undergo alternative splicing. For example, recent microarray analyses suggest that approximately 40% and 74% of Drosophila and human genes, respectively, encode alternatively spliced pre-mRNAs (Johnson et al., 2003; Stolc et al., 2004 ). Moreover, while most genes are thought to generate only two alternatively spliced mRNA isoforms, many genes can encode a much greater repertoire of mRNA variants (Black, 2000; Graveley, 2001 ). The most dramatic example is the Drosophila Dscam gene, which can potentially generate over 38,000 mRNA isoforms via alternative splicing (Schmucker et al., 2000) .
Alternative splicing can occur through intron retention, alternative 5# or 3# splice site selection, the inclusion or exclusion of cassette exons, the selection of alternative 3# terminal exons, and even alternative trans-splicing (Maniatis and Tasic, 2002) . On a genomewide level, the most frequent alternative splicing events involve cassette exons-exons that are either included or excluded from an mRNA in their entirety (Thanaraj et al., 2004) . Moreover, approximately 10% of cassette exons exist in pairs in which only one of the two exons *Correspondence: graveley@neuron.uchc.edu is included in the mRNA (Thanaraj et al., 2004) . In fact, thousands of genes exist that contain such an arrangement.
Several mechanisms have been discovered that are used to ensure that the splicing of pairs of alternative exons is strictly mutually exclusive. First, the splice sites in the intron separating the two alternative exons can be spatially arranged such that when splicing factors recognize one splice site, they prevent the binding of splicing factors to the other splice site through steric hindrance. Specifically, the binding of U1 snRNP to the 5# splice site in the intron separating the two mutually exclusive exons will prevent the binding of U2 snRNP to the branchpoint in the same intron. Conversely, the binding of U2 snRNP to the branchpoint will prevent the binding of U1 snRNP to the 5# splice site. In this way, the spliceosome can recognize only one of the two mutually exclusive exons. This mechanism has been shown to occur in the α-tropomyosin (Smith and NadalGinard, 1989) and α-actinin (Southby et al., 1999) genes.
A related mechanism could operate if the intron separating the two alternative exons is too small to be efficiently spliced. For example, in Drosophila, introns smaller than 59 nucleotides cannot be removed by the spliceosome (Kennedy and Berget, 1997). Thus, the presence of introns smaller than this lower limit would prevent the alternative exons from being spliced together. As a result, only one of the two exons would be included in the pre-mRNA.
A third mechanism involves a unique arrangement of splice sites that are recognized by the major and minor spliceosomes. Most introns are removed by the major spliceosome, which consists of U1, U2, U4, U6, and U5 snRNPs. However, a small number of introns are removed by the minor spliceosome, which consists of the U11, U12, U4atac, U6atac, and U5 snRNPs (Patel and Steitz, 2003) . The splice sites that are recognized by these two spliceosomes are distinct. Moreover, neither spliceosome can remove an intron containing a mixture of major and minor splice sites (Sharp and Burge, 1997). Thus, one way in which alternative splicing can be mutually exclusive is to use a combination of splice sites recognized by the two spliceosomes. For instance, if the 5# splice site of the upstream constitutive exon and the 3# splice sites of the two alternative exons are major spliceosome splice sites and the 5# splice sites of the alternative exons and the 3# splice site of the downstream constitutive exon are minor spliceosome splice sites, the splicing of the alternative exons is guaranteed to be mutually exclusive. The human stress-activated protein kinase (JNK 1) gene contains an alternatively spliced region with this type of organization (Letunic et al., 2002) .
Finally, the splicing of two cassette exons may not be truly mutually exclusive, but rather may simply appear to be so. This could occur if the two alternative exons are not a multiple of three nucleotides. If neither or both exons are included, premature termination codons will be introduced into the mRNA and those isoforms will be subject to degradation by the non-sense- ). As a result, mRNAs containing one and only one exon will be stable and the splicing of such pre-mRNAs will appear to be mutually exclusive, though in reality it is not.
The Drosophila melanogaster Dscam gene contains 95 mutually exclusive alternative exons arranged into four clusters. The exon 4, 6, 9, and 17 clusters contain 12, 48, 33, and 2 exons, respectively ( Figure 1A ). Despite the fact that each alternative exon is flanked by splice sites, the alternative exons have not been observed to be spliced together. Thus, a powerful mechanism(s) must exist to ensure that multiple alternative exons are not included in the Dscam mRNAs. Interestingly, none of the known mechanisms can explain the mutually exclusive splicing of the Dscam exon 4, 6, and 9 clusters. First, although the steric hindrance of snRNP binding could prevent adjacent alternative exons from being spliced together, it could not do so for nonadjacent exons. Second, all of the introns separating the alternative exons are larger, and in many cases significantly larger, than the lower limit for intron size. Third, the dual spliceosome mechanism is not involved for Dscam because all of the splice sites in the gene conform to the major spliceosome consensus sequences. Finally, the NMD mechanism cannot be sufficient either. In the exon 4 cluster, all 12 exons are a multiple of 3. As a result, regardless of the number of exons included, no change in reading frame would occur. In contrast, for the exon 6 and 9 clusters, the alternative exons are not divisible by 3. However, the NMD mechanism appears unlikely because transcripts containing one exon, four exons, seven exons, etc. should be insensitive to NMD. However, mRNAs containing multiples of 3 exons have not been detected. Thus, the mechanism involved in the mutually exclusive splicing of Dscam must be novel.
I have used comparative genomics to identify two classes of conserved sequence elements that appear to play a role in the mutually exclusive splicing of the Dscam exon 6 cluster. The first element is the docking site and is located in the intron between constitutive exon 5 and the first exon 6 variant. The second type of element is called the selector sequence, one of which is located upstream of each exon 6 variant. This extraordinarily complex alternative splicing event appears to involve mutually exclusive RNA base-pairing interactions between the docking site and one of the 48 selector sequences. Thus, an elegant and novel mechanism appears to play a critical role in the mutually exclusive splicing of the exon 6 cluster of the insect Dscam genes. Figure  1B ). Together these organisms encompass four major taxanomic groups of insects that last shared a common ancestor at least 300 million years ago (Powell, 1997). As described previously for five of these species (Graveley et al., 2004), the Dscam genes of each organism can each potentially generate tens of thousands of isoforms by alternative splicing, though the exact number of alternative exons differs in most species.
Results

Comparison of the
The Docking Site
Multiple sequence alignment of the Dscam genes from these 16 species revealed a number of conserved intronic elements, the majority of which were located in the exon 6 cluster. The most highly conserved element in the entire Dscam gene, which is greater than 60,000 bp in D. melanogaster, is located in the intron between the constitutive exon 5 and exon 6.1 and will be referred to as the docking site. The docking site is a 66 nt sequence element in D. melanogaster that is 90%-100% identical in the 10 other Drosophila species examined (see Figure 
The Selector Sequences
The second class of conserved elements that were identified will be referred to as selector sequences. The initial selector sequences were identified as relatively conserved sequences in the introns upstream of some of the exon 6 variants. Examples of several of these elements are shown in Figure 3 . Some of these elements are related to one another. For instance, the selector sequences upstream of exons 6.5, 6.19, and 6.43 all contain the sequence CAGGCAG, while the selector sequences upstream of exons 6.28, 6.36, and 6.44 contain sequences that deviate from CAGGCAG by only one nucleotide. However, this is not universally true since the exon 6.12 selector sequence does not contain this motif. By searching the remaining exon 6 cluster for sequences that are similar to but not identical to the initially identified selector sequences, a potential selector sequence was identified upstream of each exon 6 variant that was also similar in other Drosophila species. An alignment of the selector sequences located upstream of all 48 D. melanogaster exon 6 variants, together with some flanking sequence, revealed that all of the selector sequences overlap with one another to a certain extent ( Figure 4A ). This alignment was used to generate a consensus selector sequence (Figure 4B) . Importantly, this consensus sequence does not resemble any known splicing regulatory elements or splice site sequences. Figure S2 for all 48 structures) . Because the selector sequences all overlap with one another to some extent, the docking site is predicted to interact with only one selector sequence at a time. Thus, the docking site: selector sequence interactions would simultaneously juxtapose exon 5 with the exon 6 variant that is to be included and could explain how the alternative splicing of these 48 exons is mutually exclusive.
The interactions between the selector sequences and the docking site are supported by a number of observations. The docking site is nearly invariant, consistent with the notion that it engages in multiple mutually exclusive interactions. Any mutation in the docking site would affect the interaction with most, if not all, of the selector sequences and therefore interfere with the splicing of the entire exon 6 cluster. In contrast, mutations within a selector sequence would only affect the splicing of the downstream exon 6 variant. Consistent with this, the selector sequences are much less conserved than the docking site. Nonetheless, orthologous selector sequences that contain nucleotide differences can still form similar interactions with the docking site. As an example of this, the predicted secondary structures that the docking site forms with the D. melanogaster exon 6.5 and 6.12 selector sequences and the orthologous selector sequences from ten other Drosophila species are shown in Figure 6A .
Although the docking sites of the non-Drosophila species have diverged from the Drosophila docking site to some extent, potential selector sequences exist upstream of each exon 6 variant in these other species. This is particularly striking given the apparent high rate of recombination within the exon 6 region (Graveley et al., 2004). The docking site in the honey bee A. mellifera is the most divergent from the docking site in D. melanogaster and contains two U to C changes in the most highly conserved portion. However, putative selector sequences exist upstream of each A. mellifera exon 6 variant and are predicted to interact with the A. mellifera docking sequence with a thermodynamic stability similar to those in D. melanogaster ( Figure 6B ). Most importantly, the two nucleotides that are different in the A. mellifera docking site engage in base-pairing interactions in the majority of the predicted docking site:selector sequence secondary structures. Many of the docking site:selector sequence structures in all species other than the honeybee contain U-A base pairs at these positions, while C-G base pairs exist at these positions in the honeybee structures ( Figure 6B ). This provides several independent examples of compensatory double mutations that maintain the structural integrity of the docking site:selector sequence interactions. Together, these observations strongly support a model in which the selector sequences interact with the docking site in a mutually exclusive manner.
Discussion
Model for the Mutually Exclusive Splicing of the Dscam Exon 6 Cluster
Several mechanisms have been identified that serve to guarantee that pairs of alternative exons are spliced in a mutually exclusive manner. However, none of the , 2004) . Thus, the mechanism that exists to prevent multiple exon 6 variants from being included must operate with a high degree of fidelity. We have recently identified a protein in an RNAi screen that appears to function to prevent all of the exon 6 variants from being spliced togetherwhen depleted by RNAi, multiple, even adjacent, exon 6 variants are included in the mRNA and they are accurately spliced together (Y. Savva, J. Park, and B.R.G., unpublished data). This finding demonstrates that the exon 6 variants are in fact capable of being spliced together but that protein factors exist that function to repress this reaction.
Based on these two sets of observations, a model can be proposed to explain how the alternative splicing of the exon 6 cluster is mutually exclusive (Figure 7) . A key component of this model is that a protein(s) acts to both repress the splicing of each exon 6 variant and to prevent the exon 6 variants from being spliced together. I propose that the selector sequence upstream of the exon 6 variant that is to be included interacts with the docking site and that this interaction somehow relieves the repression on the downstream exon 6 variant, and as a result, it can be spliced to exon 5. Finally, the exon 6 variant that is then spliced to exon 5 could only be spliced to exon 7 because the exon 6 variants downstream of the included exon would still be repressed. As a result, only one exon 6 variant would be included in the mRNA.
Although the docking site:selector sequence interactions are strongly supported by their evolutionary conservation and some compensatory mutations in the honeybee A. mellifera, this model will obviously need to be experimentally tested with mutations and compensatory mutations that disrupt and restore the docking site:selector sequence interactions. Due to the size (14,000 bp in D. melanogaster) and complexity (48 exons) of the exon 6 cluster, we have made several attempts to generate minigene constructs that lack several of the alternative exons. However, none of the constructs we have made to date are accurately spliced in tissue culture cells. Thus, these experiments may need to be conducted in the fly using the entire exon 6 cluster or perhaps even the entire Dscam gene. Nonetheless, once a system is in place, it will be interesting to test whether the strength of the docking site:selector sequence interactions contribute to the frequency at which each exon 6 variant is used. At first glance, however, it does not appear that the predicted thermodynamic stability of each docking site:selector sequence interaction correlates with the frequency with which each exon 6 variant is used in flies . Moreover, contrary to what one would expect if splicing occurs cotranscriptionally and the docking site:selector sequence interactions are the driving force of exon 6 selection, the exon 6 variants closest to exon 5 are not chosen more frequently than other exons . Thus, the mechanism involved in selecting a specific exon 6 variant may be distinct from the interaction between the selector sequence and the docking site.
It will also be interesting to determine precisely what the docking site:selector sequence interaction does. The structures of the docking site:selector sequence interactions are somewhat reminiscent of those that direct site-specific RNA editing (Reenan, 2001 ). Though it is formally possible that some components of the RNA editing machinery could play a role in Dscam alternative splicing, RNAi depletion of ADAR does not affect alternative splicing of Dscam (Park et al., 2004 ). An alternate possibility is that the docking site:selector sequence structures serve as binding sites for a protein that somehow inactivates the repression of the downstream exon 6 variant. An intriguing possibility is that the interaction juxtaposes the exon 6 variant to a splicing regulatory element upstream of the docking site. Interestingly, an additionally highly conserved sequence element is located immediately adjacent to the docking site that is predicted to form a 20 bp stem-loop structure that is supported by multiple compensatory mutations (B.R.G., unpublished data). However, the function and relevance of this stem-loop structure is not immediately obvious. .37, and 6.38 are shown. A key component of this model is that a splicing repressor functions to prevent the exon 6 variants from being spliced together (green oval). In order for an exon 6 variant to be included in the Dscam mRNA, the selector sequence upstream of the exon must interact with the docking site. For example, if exon 6.36 is to be included (left), the selector sequence upstream of exon 6.36 will interact with the docking site. Likewise, if exon 6.37 is to be included, the selector sequence upstream of exon 6.37 will interact with the docking site. By some unknown mechanism, the docking site:selector sequence interaction inactivates the splicing repressor on the downstream exon and, consequently, activates the splicing of the downstream exon 6 variant to exon 5. Subsequently, the exon that is joined to exon 5 can only be spliced to constitutive exon 7 because the remaining exon 6 variants are actively repressed by the splicing repressor. As a result, only one exon 6 variant is included in the mRNA.
Are competing base-pairing interactions a common mechanism that evolved to negotiate the splicing of genes containing multiple mutually exclusive exons? At first glance, it does not appear so. Conserved elements similar to the docking site and selector sequences are not readily apparent in either the exon 4 or exon 9 clusters of Dscam, nor in other genes containing multiple mutually exclusive exons (C. elegans unc-32 and D. melanogaster Myosin heavy chain, ATPa, GluCla, slowpoke, hephaestus, and Thiolester containing protein II). Thus, the use of competing base-pairing interactions may be unique to the Dscam exon 6 cluster. Moreover, additional experimental and comparative genomic work from our laboratory suggests that the mechanisms of mutually exclusive splicing of each cluster in Dscam are quite possibly different (J. Kreahling and B.R.G, unpublished data). This suggests that multiple distinct and independent mechanisms to ensure the mutually exclusive splicing of clusters of three or more exons may have evolved multiple times. This is not entirely surprising, however, since multiple, distinct mechanisms are known to exist to guarantee that only one exon is included when only two alternative exons need to be chosen from.
Curiously, vertebrate genes that contain a region with more than two mutually exclusive exons have not been identified. This suggests that the vertebrate spliceosome may have lost the ability to negotiate pre-mRNAs containing more than two mutually exclusive exons. Alternatively, insects and worms (and perhaps other metazoans) may have evolved the ability to cope with the challenge of including only one alternative exon among a multitude of possible choices after they last shared a common ancestor with higher eukaryotes. Due to the fact that multiple mutually exclusive exons can be successfully used to generate such a tremendous diversity of proteins from a single gene, it is striking that genes with this organization are not more common in general and appear to be all together absent from vertebrates. Schwartz et al., 2000) . The alignments of specific regions between species were further refined using the ClustalW program in MacVector, as were the alignments of the selector sequences to one another. The consensus sequences of the docking site and selector sequences were derived using WebLogos (http://weblogo.berkeley. edu/; Crooks et al., 2004) . The observation that the selector sequences are complementary to the docking site occurred through a combination of staring at the sequences for months and sheer luck.
Secondary Structure Predictions
The structural models of the interactions between the docking site and the selector sequences were generated using Mfold (Zuker, 2003) .
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